Practicing high-frequency yoga breathing (HFYB) induced a hypermetabolic state in a single subject during the practice but the effect has not been studied in multiple practitioners.
Background
A hypermetabolic state with increased oxygen uptake is followed by a period with increased resting ventilation [1] . Most often a hyper-metabolic state due to physiological conditions such as hyperthermia [2] , muscular exercise [3] , and pathological conditions such as thyrotoxicosis [4] was followed by an increase in resting ventilation and metabolic rate. The opportunities to evaluate the ventilatory responses to these states under controlled conditions are few.
One such example was a study which assessed ventilation, chemosensitivity, and blood P H after experimental carbohydrate and protein feeding intended to increase the metabolic rate [1] . The test meals of carbohydrate and protein, amounting to 1000 calories, were given to 6 normal subjects. The baseline oxygen consumption (VO 2 ) increased from 237±11.3 ml/min STPD to 302±19.4 ml/min STPD (a 27.4% increase) 2 hours later and 303±18.5 ml/min STPD (an increase of 27.9%) 3 hours after the nasogastric feeding. The mechanism appears to be related to changes in chemosensitivity and carotid body responses to altered chemical stimuli following the breakdown of carbohydrates and protein.
The ancient science of yoga includes physical postures, voluntarily regulated breathing, and meditation, among other techniques [5] . Practicing yoga can bring positive effects on well-being and human health with respect to biological and physiological parameters [6] . Voluntarily regulated yoga breathing techniques have been found to increase the oxygen consumption (and correspondingly the metabolic rate) both as an immediate effect [7, 8] and as a longitudinal effect [9] . Certain yoga voluntarily regulated breathing techniques offer an opportunity to study the effects of changes in the respiratory pattern on metabolism [10] . Voluntary regulation of breathing in yoga alters autonomic activity with an improvement in cardiovascular and psychological health [11] . An example is High-Frequency Yoga Breathing (HFYB) called kapalabhati in Sanskrit. In this technique the breath frequency is increased to 1.0-2.0 Hz and exhalation is performed as an active process by contraction of the anterior abdominal muscles. When seventeen advanced practitioners performed HFYB at the rate of 2.0 Hz for three 5 minutes periods, cardiovascular changes were found during and after the practice [12] . Baroreceptorcardiac reflex sensitivity (BRS, derived from the mean modulus calculated between systolic blood pressure and the R-R interval of the electrocardiogram) reduced during HFYB causing a decrease in cardiac vagal tone. The respiratory rate decreased after HFYB. A separate study reported that HFYB when practiced at the rate of 2.0 Hz increased sympathetic activity [13] . Based on these effects of HFYB on autonomic variables, HFYB may also influence metabolic variables, since an earlier study showed that changes in functioning of the autonomic nervous system can influence energy expenditure and oxygen consumption [14] .
In an early study of HFYB and energy expenditure, assessments were made on a single subject in repeat sessions using the Krogh closed-circuit spirometer [15] . During HFYB, there was a 10-14% increase in oxygen consumed (VO 2 ) compared to the resting state, while after the practice there was a decrease in VO 2 by 3-7%. Hence, HFYB is also a physiologicallyinduced hypermetabolic state. However, the changes after the practice appear to be different from those associated with other hypermetabolic states [1] [2] [3] [4] . This could possibly be due to a relaxed state following yoga breathing [15] . The study cited above on HFYB [15] was conducted on a single individual in repeat sessions using a closed-circuit apparatus. The present study was intended to assess the effects of HFYB during and after the practice in a group of trained practitioners using an open-circuit apparatus.
A closed-circuit apparatus has several practical disadvantages. It is known that breathing through a closed-circuit apparatus makes it difficult to breathe normally [16] and the accuracy of measurement is dependent on the ability of the person to breathe regularly. Apart from this, in a closed-circuit system, breathing is from a reservoir of 100% oxygen and the resistance offered by the apparatus is high and the rate of carbon dioxide removal by absorption may not be adequate for accurate results [17] . Also, when breathing in a closed-circuit system, the resistance to breathing is increased, inspiratory time is prolonged, and the work of breathing may be increased by 10.0% [18] . In contrast, the open-circuit apparatus is considered more accurate because the person breathes ambient air and the apparatus does not offer resistance to airflow [19] .
With this background, the present study intended to: (i) assess the metabolic changes associated with HFYB in trained participants, and (ii) to evaluate the effects on ventilation, oxygen uptake (VO 2 ), and carbon dioxide output (VCO 2 ) using an open-circuit apparatus.
Material and Methods

Participants
Seventy-one healthy male participants of Indo-Aryan ethnicity belonging to the north of India, specifically from Haryana state, were included in the study. The criteria for inclusion were: (i) persons with normal health based on a routine medical examination, (ii) persons with a minimum of 3 months experience in HFYB and BAW, and (iii) those with an ability to maintain the breath rate between 50 and 70 breaths per minute for the required time. The exclusion criteria were health disorders, with special emphasis on the respiratory system (persons with obstructive or restrictive disorders) and conditions influencing metabolism such as thyroid dysfunction and other endocrine disorders. None of the participants had to be excluded for these reasons. The total number of participants was 71; 47 participants were able to perform HFYB correctly and were included in the trial. Twenty-four participants could not perform HFYB and were excluded from the study. Hence, the number of participants for inclusion in analysis was 47 in the experimental group. The ability to practice HFYB correctly was not a necessary requirement to be included in the Control group, hence this group (n=20) was not tested for HFYB practice. The other exclusion criterion was the use of medicine or other wellness strategies, including herbal preparations. Participants' ages ranged between 17 and 35 years (group mean ±S.D., 23.2±4.1 years). The study was not a randomized controlled study, but, in addition to the 47 participants who formed the experimental group, there were 20 participants (group mean age ±S.D., 22.3±4.9 years) recruited as a control group to evaluate the effect of retesting after no intervention. This group also had experience in the yoga breathing practices (3-180 months). Details of the baseline characteristics of the experimental and control groups are given in Table 1 . They were all staying in a yoga institute in the north of India for a minimum of 3 months prior to the study. Participants were recruited by notices on the institution's notice boards. Participants did not receive any incentive to take part in the study. The study on the experimental group was conducted between August 2009 and January 2010 and the data of the control group was taken in October 2011 in the same institution. There was no attempt to statistically calculate the sample size prior to the experiment. However post-hoc calculations following the repeated measures ANOVA, based on changes within the experimental group, in partial pressure of carbon-dioxide in the artery [PaCO 2 (during) versus PaCO 2 (pre)], with an effect size=1.65, showed that the power was 1.00 [20] .
The signed informed consent was taken from the participants and the study was approved by the Ethics Committee of Patanjali Research Foundation, which adhered to the Indian Council of Medical Research Code and the Statement of General Principles on research using human participants in biomedical research [21] .
Design
The study design was a prospective observational cohort study with a basic control group. The study design was explained to the participants. Every participant in the experimental group was assessed in 2 sessions on separate days at the same time of the day. On these 2 days the participants practiced 2 different yoga techniques -high-frequency yoga breathing (HFYB) and breath awareness (BAW). Testing the same individuals in sessions of 2 active interventions reduced inter-individual variability. The control group was separate for comparison and to assess the re-test effect. The sequence of practices was reversed for every alternate participant. The assessment of each session lasted for 35 minutes (with 3 minutes for rest in between periods of practice). Both sessions were divided into 3 periods -"Pre", "During", and "Post". The "Pre" period was recorded for 5 minutes. In the "During" period, each participant practiced either high-frequency yoga breathing (HFYB) or breath awareness (BAW) for 18 minutes, interspersed with 1 minute of rest after every 5 minutes of practice. Hence, the "During" period of 15 minutes was divided into 3 sub-periods of 5 minutes each -"During 1", 'During 2", and "During 3" and 3 minutes of rest in between. This "During" period was followed by 15 minutes of a "Post" period, which was also divided into 3 periods -"Post 1", "Post 2", and "Post 3" -of 5 minutes each. In the Post period, the participants breathed normally. This has been schematically presented in Figure 1 .
Assessment procedure
One night prior to the assessment, the following precautions were taken: (i) The diet of the participants was monitored. Since the oxygen consumption was evaluated it was considered preferable to make sure that all participants had the same diet the night before testing. The quantity of the items in the meal was kept the same for all participants. The nutritional value of the diet is given in on awakening, to come close to the basal metabolic rate. (iii) They were requested to avoid physical exertion before the assessment. The next morning the assessment was done between 05:00 and 07:30 hours. Most participants were assessed on the consecutive day at the same time of the day. The maximum interval between assessment days was 3 days. The mean ±S.D. room temperature and humidity were controlled in the laboratory and maintained at 21.9±3.8 o C and 55.3±7.5% humidity on all recording days. During the assessments, participants were requested to sit in a cross-legged posture keeping their spine straight and their eyes closed throughout the session. Assessments were taken continuously in the Pre, During 1, During 2, During 3, Post 1, Post 2, and Post 3 periods of 5 minutes each. Recordings were not done for the three 1-minute rest periods. The control group followed the same procedure of assessments except that they were instructed not to practice any yoga technique.
Assessment
Equipment calibration
An open-circuit oxygen consumption analyzer (Quark CPET, COSMED, Italy) was used for assessment. The COSMED Quark CPET (Cardio-Pulmonary Exercise Testing) equipment is designed to perform cardio-pulmonary function tests. In this equipment the program algorithm and the presentation of measured data have been developed according to the specifications of the American Thoracic Society (ATS) and European Respiratory Society (ERS). It has an inbuilt paramagnetic gas analyzer which can analyze the amount of oxygen consumed (VO 2 ) and volume of carbon dioxide produced (VCO 2 ). Before starting data acquisition the flow or volume calibration of the equipment is performed using a 3-liter calibration syringe and the gas analyzer is calibrated using atmospheric air and a cylinder with fixed amount of O 2 (16%) and CO 2 (5%). This calibrates the equipment for ambient temperature, humidity, barometric pressure, flow rate, and gas analysis. In the present study, COSMED Quark CPET was used to measure: (i) breath rate (RR), (ii) tidal volume (VT), (iii) ventilation (VE), (iv) volume of oxygen uptake (VO 2 ), (v) volume of carbon dioxide produced (VCO 2 ), (vi) arterial PCO 2 (estimated), and (vii) energy expenditure (EE Kcal/day) (estimated) in both the experimental and control groups.
Recording procedure
Participants were fitted with a silicone rubber face mask which has perfect adherence to any face shape and is available in 3 sizes for adults. The mask is secured with head gear fitted with Velcro. This is to ensure maximum sealing without leakage of air. After fitting the mask, participants were asked to breathe normally before commencing the test. During the recording participants were seated in the half-lotus posture, with eyes closed.
Interventions
High frequency yoga breathing (HFYB)
The experimental group practiced high-frequency yoga breathing (HFYB) for 15 minutes. While practicing HFYB, the person Table 2 . Nutritional value of the meal provided to the participants the night prior to assessments.
had to sit erect in a half-lotus posture (ardha padmasana) with the spine and neck aligned. During the practice, participants kept their eyes closed and hands on the knees. The participants breathed with a frequency of approximately 1.0 Hz, during which exhalation was forceful and involved active contraction of the anterior abdominal wall and inhalation was passive.
Breath awareness
The same group (experimental group) practiced breath awareness on a separate day for the same duration. During breath awareness, the participants sat erect in the half-lotus posture (ardha padmasana) with the spine and neck erect and maintained awareness of the breath. The attention of the participants was directed to the natural flow of air into and out of their nostrils.
Control group
The participants in the control group sat at ease with their eyes closed, spine erect, and spine and neck aligned, in the half-lotus posture (ardha padmasana) for 35 minutes. They were not given any specific instructions about how to direct their thoughts.
Data extraction
Mean values of the breath rate (RR), tidal volume (VT), ventilation (VE), volume of oxygen uptake (VO 2 ), volume of carbon dioxide produced (VCO 2 ), arterial PCO 2 and energy expenditure (EE Kcal/day) were calculated for before (5 minutes), during (15 minutes as the 3 minutes of rest were not included) and after (15 minutes) periods. Data analysis was done separately for every period.
Data analysis
Experimental group: Repeated measures analyses of variance (RMANOVA)
Repeated measures analyses of variance (ANOVA) followed by post-hoc analyses with Bonferroni adjustment were done to compare data recorded during and after the two practices with data recorded before the 2 practices, using PASW Version 18.0. There were 2 within-subjects factors -Sessions (HFYB and Breath awareness sessions) and Periods (Before, During, and After).
Control group: t-tests for paired group
The control group data recorded during the control period and after it were compared to the pre-control values with the paired t-test.
Comparisons between experimental and control groups: 2-factor ANOVA
A between groups comparison was carried out with a 2-factor ANOVA where factor 1 was groups [3 levels (HFYB, BAW and control)] and factor 2 was states [7 levels (Pre, During 1-3, and Post 1-3)]. This was done for each of the variables separately.
Results
Experimental group assessed using repeated measures analysis of variance (RMANOVA):
The experimental group was assessed in 2 sessions (HFYB, BAW) and each had 3 states (Pre, During, and Post). The difference between Sessions and States was assessed with a RMANOVA followed by Bonferroni adjusted post-hoc tests.
The ANOVA values for the Within-Subjects factor (Sessions), Within-Subjects factor (States) and interaction between the 2 for the different variables are provided in Table 3 . A significant interaction between Sessions and States for any variable suggests that the 2 are interdependent.
Post-hoc analyses (RMANOVA)
Significant increases were observed in respiratory rate, minute ventilation, volume of oxygen uptake, volume of carbondioxide produced, and energy expenditure during HFYB compared with before HFYB (P<0.001). There was a significant decrease in ventilation (P<0.001) and volume of carbon dioxide produced (P<0.05), after HFYB compared to before HFYB. There was a significant decrease in arterial PCO 2 during HFYB (P<0.001) and after HFYB (P<0.05) compared to before HFYB. The arterial PCO 2 decreased significantly (P<0.001), after BAW compared to before BAW. Details of within-group comparisons are given in Table 4 .
Control group assessed with t-tests for paired data
The control group data recorded during the control period of quiet sitting and after it were compared to the pre-control values with the paired t-test.
In the control group there was a significant reduction in the volume of oxygen uptake, volume of carbon dioxide produced, ventilation, and energy expenditure during (P<0.001) and after (P<0.001) the control non-intervention period compared with before. The ventilation (P<0.01) and arterial PCO 2 (P<0.05) reduced significantly in before-after comparisons. There was also a significant reduction in tidal volume during (P<0.05) and after (P<0.05) compared with before.
Comparisons between experimental and control groups based on 2-factor ANOVA:
To compare between Experimental and Control groups a 2-factor ANOVA (Factor 1=Groups; Factor 2=States, i.e., Pre, During, Post) was carried out.
The ANOVA values for between groups comparisons for all states are given in Table 5 .
Post-hoc analyses (2-factor ANOVA)
Since HFYB involved manipulation of RF which changes VE the difference between HFYB, BAW and control for RF and VE are not presented here because these values would be different.
The oxygen consumption was significantly lower during both BAW and control sessions compared to HFYB, which is not surprising because during HFYB, exhalation is an active process requiring more oxygen utilization.
The level of VCO 2 was significantly lower during (i) BAW compared to HFYB and (ii) control compared to HFYB. This too may be expected because with active exhalation in HFYB, the amount of CO 2 exhaled during the practice of HFYB would be higher than tidal breathing.
Energy expenditure was significantly lower during BAW and control intervention periods compared to HFYB.
Discussion
A period of HFYB increased energy expenditure and oxygen uptake but unlike other states associated with increased energy expenditure and oxygen uptake, HFYB was followed by a period during which ventilation decreased in contrast to increased ventilation reported following periods of hypermetabolism. One difference between the 2 conditions was that ventilation increased to a greater extent during HFYB (173-193%), whereas during experimentally-induced hypermetabolism, the increase in ventilation was considerably lower (48.0-53.2%). Apart from this difference in minute ventilation, the period of HFYB was associated with changes in blood chemistry associated with the changes in breath frequency and tidal volume. During HFYB, PaCO 2 was significantly reduced (25-29% reduction could be anticipated given the consciously regulated increase in breath frequency during HFYB despite the decrease in tidal volume. The increased ventilation associated with decreased PaCO 2 did not produce any symptoms of hyperventilation based on reports taken from the subjects. This is comparable to the findings of an earlier study on 140 participants who performed HFYB but showed no evidence of hyperventilation discomfort [22] based on the Nijmegan Discomfort Questionnaire [23] , which is designed to detect symptoms of over-breathing.
The changes in arterial carbon dioxide levels (PaCO 2 ) showed that the reduction during HFYB persisted to a lesser degree (1.8-2.1%) for 15 minutes after the practice. In other conditions, such as exercise in which energy expenditure and oxygen uptake are increased to a greater degree, the compensatory changes in respiration may not have been adequate to reduce CO 2 levels and, hence, ventilation would have increased after the exercise.
The decrease in arterial carbon dioxide levels (PaCO 2 ) during (25.0-29.0%) and following HFYB (1.8-2.9%) are related to the consciously increased breath frequency with an increase in ventilation as a consequence. On the other hand, the reduction in PaCO 2 following BAW may be due to a reduction in physiological arousal after BAW, causing a reduction in blood CO 2 levels. This is supported by an earlier finding that BAW increases vagal tone, as seen in the HRV with an increase in the high-frequency power and decrease in the low-frequency power of heart rate variability [24] .
In summary, these findings appear to show HFYB as physiologically different from other hypermetabolic states. In most physiological conditions associated with an increase in energy expenditure, such as exercise, the energy expenditure remains high after the activity due to an oxygen deficit or debt. After HFYB, the energy expenditure did not change and neither did the VO 2 . This could be because of reduced CO 2 levels so that the respiratory drive for ventilation remained low after HFYB. However, HFYB involves active contraction of the anterior abdominal muscles with exhalation as an active process. The return of oxygen consumption levels to the baseline after the practice suggests that the work of breathing associated with this did not cause an oxygen debt. Apart from this, HFYB is possibly associated with a relaxed mental state, as described earlier [15] . This is supported by a study by Dostalek (1991) on the EEG during and after HFYB, which reported an increase in alpha, theta, and beta1 in the EEG. After HFYB, both alpha and beta decreased but there was no change in theta. The authors interpreted this as a relative increase in slow-frequency waves after HFYB [25] . The concept of HFYB being associated with mental relaxation is further supported by a study of the heart rate variability (HRV) during HFYB, which showed a decrease in NN50, pNN50, and the mean RR interval suggestive of a shift in the autonomic balance with possible reduction in sympathetic activity [26] . In summary, HFYB caused an increase in VO 2 , VE, EE, and VCO 2 during the practice, while after HFYB, VE and VCO 2 decreased. These results suggest that HFYB may be useful to increase energy expenditure without causing other changes associated with physical and mental exertion. Hence, a possible application of HFYB is as a low-intensity activity to increase energy expenditure while also increasing mental relaxation. This makes it different from exercise requiring a constant work output. This may be clinically useful in stress-related hypometabolic conditions [27] . Practicing HFYB may also be useful for stress-related diseases, considering the effects of relaxation on nitric oxide, norepinephrine, cortisol, melatonin, and markers of inflammation, as well as immunological variables [28] .
The present results are limited by the following factors: (i) The sample sizes of the intervention and the control group differed. The difference in sample sizes is regrettable and every attempt would be made in future studies to avoid such a disparity.
(ii) The non-intervention group was also trained in yoga and, hence, may inadvertently have been in a yoga state of mind, with possible awareness of the breath, in the control period. However, the possibility of involvement in breath modulation/awareness in the control group seems limited because there were no significant changes in this group. (iii) The ECG was not simultaneously monitored in this study, so the effect of HFYB on the heart and autonomic nervous system (based on the HRV) were not obtained. While changes in cardiac activity are not directly related to the aims of the present study, given the close association between cardiovascular and respiratory systems, this could be a useful addition to future studies in this area.
Nonetheless, HFYB appears to be an example of a physiologically interesting breath-regulating technique that is worth exploring further.
Conclusions
High-frequency yoga breathing (HFYB; 1.0 Hz) brought about a 34.6% increase in oxygen consumption during HFYB, which stopped immediately after HFYB. This suggests that HFYB can serve as a form of low-intensity activity that does not incur a post-activity oxygen debt. This type of practice could be useful for persons who are not able to undertake rigorous exercise.
